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AIIS’JRAC1’
Advanced gl aphic.s in(crfaces  for space  @lcrobot-

ics applications arc illustrated by examples developc.d at
the JJ’1. Advanced ‘J’eleopcration  1.aboratory.  Applica-
tion e.xalmJlcs  include task analysis and planning
displays for a tcleoperatcd  Solar hfaximuln Satelli(c
repair task, a I1OVCI  force-reflecting tc]copcration  sinlula-
tor for opclator training, and plcvicw/prcdic.  tivc displays
with calitmted  glaphim owrl:iy  for on-line remote ser-
vicill~  operations, for example, S,rouncl  rernotc  cont[ol
of space ]obo(k with time delay.

1. lN’1’ltO1)llC’J’JON”

Advances in computer g~ aphim  technologies
enable the dcsip,n,  development, anti usc of hi~h-ficiclity
p,l aphics displ;iys  for very cfficicnt  opclational  aid in
space  tclc~ obotic.s.  Advanced gl aphics  techniques [6]
can bc used to achie.vc imcased  reliability in all three
phases  of space  tclcrobotic  operations: in off-line task
analysis and plannin~,  in opcla[or tmininp,,  and in on-
line task execution. l’his paper addresses potential use
of gl aphicx ciisplays  in all tllrec phases of sp;ic.c  tclelo  -
botics flight operations.

In particular, on-line preview/predictive displays
fol grotlrl(l-c.orlttollc(l  telelobotic  servicing, in spfic.c  will
be dcw.libcxl in detail. in the new “previewed” ~jIe.clic.-
tivc displ:ly  str:itcgy  for enhanced opcraticm:il  safety, the
opcr:itol’  in(cr acts with [he ~r;iphic;iil  y simu]atcd  “vi] [Llal

Cnvitollnlcnt”  first  before scndinp,  (IIC ~obot  alm motion
command to the remote site for actual execution. in
order to ac.cwrate]y  match  p,raphically  simulated “virtual
cnvircmrmwt”  with the IM1 task mvironmcnt,  opcrator-
intcractivc  reliable cam.ra calibration and objezt  locali-
zation algmithrns  arc used.

II. TASK AhTAI.YSIS ANI) I’I,ANNIN(;  I) ISI’I,AYS

Graphics displays can plovidc  substantial aid in
off-line task analysis and planning, for example, to
invest iga(c wcrrkcc]l layou~ motion planning with colli-
sion detection and with possible redundancy ~csolution,
planning for camera images, and continuous motion

simulation. (iraphim displays are used for task analysis
and plannin~ of Solar Maximum Satellite Repair
(Sh4SR)  “l”ask. ‘1’hc  Solar  h4aximun~ Repair Mission [?.]
was successfully completed by two astlon:iuts  thloug,h  a
‘/-hour exl[a  vehicular activi(y  (lNA) in 1984. lrl this
lnissionj  IIIC Solar Maximum Mission (Sh4h4) satellite
was c.apturcd  and bcrdlcd  ill the Space Shuttle calf,o
b:iy by usinp, the Shuttle Remote h4anipulator  System
(l<h4S), and then three tasks were pc.rformcd  prior to the
deployment of the lepailed  satellite. ‘1’llc  most difficult
tmk amonp, t he  th[ec  w a s  the h4ain lllcctlonim  llox
(N41:IJ) repair. ‘J’hc tc.lcopclatcd  Ml il; Icpair task has
been partial I y denmnstl-ated  in the A(ivmced  Tcleopcra-
tion I .:itror  ator y (A1’01’) by usinp, a dual-am folcc-
leflectinp,  tc]copcl ation systcln e~uiJJlmd  wilh lccent
:idvanccd CO II(IOI  and g,raphic.s displtiy  techniques.

‘1’hc woJkccll  of tl)c sin]ulatcd  ShfiSl<  task (l;iS.  1 )
consists of two 8-dof AAl robot arms, a par(ial  Shl A4
satellite moc.kuj~,  two “sma( t“ hands (end effec.tol  s), a
laised tile floor. Other vmkccll  cle.mcnts  include c.arn-
e]a gantly flalne and various end cffcctor tools  such as
a power-driven screw driver, a tape cutter, and a dj~~o-
nal cuttinc  plier. In order to dctcl  mine the. desilablc

lii~. 1, Graphics display of the simulated Solar  h4ax-
irl~un~ Satellite Repair (Sh4SR) setup with an overlay of
the ~each cnvelc~pc  of the right robot hand for task
analysis and planning.



. .

moun[inp,  locations of the mbcm  and the sa(cllitc
mockup, rcac.h envelopes of robots were ovellaid on tlie
vmkccll  display graphics for various task conditions,
wllcre each dcvicc was allowed to be moved to satisfy
the rcac.h envelope constraints. An example of the
reach cnvclopc analysis is shown in l;ig.  1 to clctclmine
the openin~  angle of the h4}11\  panel. When the panel is
100° opened, some of the connector screws  near the
hinp,e assembly cannot  be reached by the screw driver
a t  Ihc ri~h( an~lc. Frrt  lhcr careful reach envelope
analysis inclic.atcs  that when (he panel  is 115° opened,
the screw dl iver can reach all the connector screws  at
the rig,ht anp,lc to the panel as shown in };i~. 1.

Othcr task antilysis  and planning examples include
motion  planning w’ilh collision detection, redundancy
manfip,mcnl,  plfinl)in~  for camera views, wi complcle
motion  sin~ulation  using graphics displays. A tlnai
vclifie.d pkmnc.ci task sequence and ti)c motiotl sinlula-
tion for each task segment can bc used latet-  fm preview
display dulinp, ihe cm-line task execution.

111. O1’lCRArl’OR  ‘1’RA1 NING I) IS I’I.AYS

(ir~phic.  s, disi)lays  can also serve  as an inttociuc-
tmy training  [001 for opc.raters. ‘1’c]eope.r  a t ion in ~,e.n -
clal demands considmblc training, and robots can bc
damaged duling the initiai  sta~cs of tile  tlaininp,.  l’ric~r
to (raininp, witil  ac.tuai robots, a telcrobot  simulator can
bc used cirrling the initial training. lnt[ociuctoly  haiiling
wi[h a simuiator  can save time :ind cost for space crew
traininr,.

Rccmlti  y wc have cicvclopc.ci a fore.e.-rcflect in~
tclcopcration  sin~ul:itor/trainer [S], [8] as a possible
computer-aided telcopcratimr  trainin~  system (1’ig.  2). A
novel featul-c of this simulator is ti]at tile opcra(or  actua-
lly fccis vil tuai contact fore.cs and torques of a con~~jii-
antiy c.rrnttolied  lobot  hand througil a force reflecting
hand ccm(ioiier  during tile e.xe.cuticm  of (ilc sinmiate(i
pep,-in-i)ole task. “1’ilc simulator allows tile user to
specify folcc ~eflecticm  gains and ti)c stiffness (c.on~pli-
ancc) vaiu.cs of the manipulator hand for botil  tile tiwec
t[allsiational  and Ihc thtcc Iotation:il axes in Carlcsiatl
space, ‘1’hc location of tiw compliance center can also
bc spccificci,  aithou~h initially it is assumed to be at the
grasp center  of tile manipulator hand.

A pcg-in-hoie task is used in our silnulate.d  te.lea-
pcration tlaincr  as a generic tcicopcra[irm  task, An in-
depth quasi-stfitic  analysis of a twlo-dir~le[~sic)l~t~i  peg-in-
i]olc task has been reported earlier [1 ?j, but the two-
dimcrrsional  model  is not suftlcicnt  to be u[iiiz.cd in a
teleopcration  trainer. “l’his two dimensional anaiysis  is
thus cxtcndcd to a thrm-dimensional peg-in-hole task,
so that the analysis can be used in our simrlate.d  tclem
peration trainer. In order to i]ave  finite c.ontac.t fore.cs
and torques, both lateral and angular compliance must
be pmvidcd for the system. In our simulation, the hoic
and its support st[ucturc  arc assumed to bc ri~id with

in fitlite s(iffncss,  \vi~iic  [im Iobot iland ilolding  tim pes is
compliant for ;ili  caltcsian  ttanslationa]  and rotational
axes (f;i~. 3), \\’e fulther assume that tile compliance
center is loca(ed at a distance 1. fton~ the tip of tile IJcp,
wi(h th[tc latet:ii  springs and three artgular  si>jinps.
IJetaiied  computaiionai  procedures can be found in [5],
[8]. A more gencr:ili~.ed  lnc[hod of computing contact
forces an(i tolques  baseci on a gencr:il  collision cictcztion
aig,orithm  is under considc~atiorl.

A  iliflh  tidclity rc:ii time grai>hics  simuia(ion  o f
the pcg-in-imlc  t:isk wilil d l)Uh4A  arm and a p,encric
task boal(i  im been ac.cmnplishe(i  by usins a Silicon
Grapi)ics ll<lS-4i)/310 VGX wmks[a[ion,  wilich  is very
fast both in computation and in p,~~{)hics  rendcu in~ witil
l):ir(ii;arc-slli)l)or[ed  i]id(icm surf:icc Ienmvai  a n t i  li~ilt-
in~. Wilen forcehrque  computatiorls  are invoive(i  ciuc
to contact, Ihc up(iafe  Ia[e is about 16 fIan~es/s.  ‘1’hc 6-
dof l]an(i  contloiicr  motion comman(ieci  by !hc human

l:i~. 2 .  l:orce-rcficc.ting  telcopcration  t[ainins  disI)iays
before contact (upper) arid during insertion (icnver).
Contact forces and torques arc computed an(i reflected
to the form reflecting hand c.ontlolicr in real-time, ‘l”hcy
are also (iisl]!aycd  on tllc up~wr icft c.oIner of [he sclecn,
wi]i]c  ti)c curlent joint angles appear on tile ui)pcr  ri~ht
corner.



L’ig. 3. Geometry of a simulated pe~-in-hcde task with
lateral  and anp,ular  springs at the c.omplianc.c. c.enter.

opcra[or  is lsent to the p,laphics  s imulat ion display
thiou~ll a serial  1/() line at an about 3(J 117. dtita update
]a(c. Viltua]  contact folc.cs  tind torques arc comprrtcd in
]cal time and fcd back to the hand corltlollcr  throup,h
the sclial  1/() line at an about 30 11?, data upctatc rate.

“J’estinf)s  with the de.vclopccl  pc~-in-ho]c  t a sk
sii\~tll~\tc>r/(raiI~er  indic.atc  th;it  appropriate conq~liancc
values arc essential to achieve stable  folcc-retlectinp,
tcleopcrat  ion in pcrformin~ the simulated }~cg,-in-hole
task. As the compliance vfilucs  of the simulated robot
h~nd becomes smaller, the o;)clator  lnust hold the
fore.e-lcflcctin~ hand contro]lcr  nmlc firll~ly  to maintain
the stability of tclcopclation.

IV. ON-I,lN1t 1’1<l~;\711!;\$’/1’1  tII:l)IC’l’1\T1~: I) IS1’1.AYS

GI :iphicx  displays can a l s o  Ixovidc cffcctivc
opclator  aid during the on-line opcra(ion,  In particular,
\vc have lcc.cntly dcvclopcd on-line ~raphics  aids fbr
g,lc)~)l~d-cc~r~trc)lled  te]erobotic  servicing in space, which
has potential opclational  benefits in futu[c.  space mis-
sions. I’ossiblc  futule applications include Srorrnd-
contlol[c.d  tclcscicnce  experiments, gtound-controlled
1 clnotc  ll]ailltcrlaJlcdleJ)air of spaccaafts  including
Space Stalion  1 ‘icccicrm, and ground-contro]lcd  rcmm
assembly/construction work on the hloon or hflats. An
imminent potential application includes g,round-
conbollc.d  telcl obotic scrvic.ing  of the 1 lubblc Space
‘1’ele.scope (11 S’1’) to assist I\VA (Hxtra  Vehicular
Activity; space walk) astronauts performing a rnaintc-
nancc ]nission in the Space Shuttle cargo bay. In a c.on-

ccivablc tclcrobot-assistect  EVA maintenance scenario,
HVA astrontiuts  will capture and bcl(h the }1S’1’ on t}~c
Shuttle bay and pmforln  critical tasks, while some other

tasks such as open/c.lose 1 IS’I’  tool box, dcJ)loy/stow
crew aids, and replace ORU’s can bc potentially carried
ou t  by telclobotic  oI,craticms  from the ~round. I’his
telerobotic  assistance is expemd  to reduce astronauts’
I{VA time, and [IIL]S  save operational cost.

in such glc)ul~tl-cor~trolled  mnotc operations, how-
c.vcr, d~ere is an unavoiciablc  c.orl~l~~urlicatioll  time delay.
‘1’hc Iound-ti  ip time. dcl ay of the. c.o!l~ll~ti!~ic.:itiol~ link
between the gyound station :ind a space tcle]-obot in low
Eardl olbit is cxpcctc(i  to bc 2 to 8 seconds to relay
data via several communication satellites and ground
stations. It is in ~,cne~al  difficult for the human opcl ator
tc) conllol  a rclnote manipulator when the communica-
tion time delay cxcccds  1 second. ‘1’lw best know[l  stra-
tc~y to cope with time cte.hry is the “move and wait”
stratep,y [3]. In this stratc~,y,  the ol)cratol  moves the
manipula[c)r  a sm:ill  dis(ancc  and then waits to sce wh:it
haJ~J)cns  before the next move. ‘1’vm in~portant  scllemcs
that crdlanc.c telcll~ar~ij>tllatioll t a sk  ])clforri~anc.e  under
corllrlllltlicatic)rl  t i m e  clclay  arc sllalcd compliance
control and ]medic.tivc  display [1], [6]. A recent report
[7] based on pep,-in-hole cxpclimeilts  under O to 4 s
tirnc delays irldicatcd that the use of
cC~rl~JJli:illc.  c./illlJ>cd:illcc  Contrc)]  irl lhc 1“w11oIc s i t e  i s
cssen[ial  and p~omisin~  for tirnc-[lclaycd  tcleoJ~cr:iticm,

in a pre.dic.tivc  clisplay,  the f,laphics  m o d e l
lcsporlds  irnmcdiatcly  to the human opcratm’s h a n d
C. O1ltl OllCl Co]l)nlaldS,  WhilC [hC aC(Llai  CM II)C13 ViCW  O f
the alm Icsponds  with a cm~~nurnication  time delay.
‘1’hus  tl)c predictive displ~iy pmvidcs  the opcramr with
the non- time-dclaycci m ptcdictcd  motion of the. robot
arm. A predictive ciislday  systcm  was originally
dcvclopcd  earlier by usin~ a stick fi~urc model  of the
robot at in ovcr]aid  on tho actual video imap,e  of the arm
[1 1], WC have extended stic.k-fi~urc-type predictive
display tcchncr]ogy  to high-fidelity 3-1) plcdictivc
ciisl)lay technolop,y  for apl)lication.s  to p,r(>llrld-c.oiltlc)liccl
telerobo(ic  servicinp,  in space with c.olllltlllrlicatic~rl  time
delay. 1 li!,h  fidelity is achicvcci  by 1 ) ~mcisc  3-1)
~raphics  ~~~c)clcJir~p,/J  cr~dc~ir~~,  2) opaatcm-irlteractivc  rcli-
abic ca]nc~a calibration and objcc( local i~ation  that
er}ab]c accurafc  calibmted  overlay of p,raphics lnode]s
on the iivc. vi(ico  of quasi-static tclelobotic  tmk cnviron-
rncnts, arid 3) usc of the sfirnc con([ol software to drive
the local-site sirmrlatcci  robot which drives the lcn~otc-
sitc real robot,

Althcwgh various calncra calibration and object
loc:ilizaticm algorithms have been repor ted, wc recently
clcvclopcd  a mcthodolog,y of using general-purl)ose
operator-illtcractive  camera calibration and object locali-
zation algorithms to ac.hicvc reliable, hi:,h  fidelity cali-
brated p,raphics overlay. “1’hc  de.vclopcd  alf,ot ithms also
])rovidc a key technology of matchin~  simulated ~raph-
ics “virtual environment” with the real task cnvironmnt
reliably and accurately based on visual sensor data of
video c.atncra views, cnab]ing  interactive ~raphics-



mockl-based contlol  incmporated ~vi(h  opcra(or-msiswd
SCl)SOr-b;lSe.cJ  control as an approach to efficient telcro-
botic selvicing in general Icgardlcss of time cielay,
l{xarl~ples of caiib~atcci f,laphics  crvcr  lay aftu  camera
caliblalion  anti ol>jecl locali7alion  are silowm in l:i:,.  4.

l)Icctic(ivc  clispiays  wi[il  calibratcci  fyapllics  over-
lay have been fur[hcr  cxten(ied to “prcvicwecl”  predic-
tive displays. in tile mi~inai  “real-ti]nc” ple.dic[ivc
display, tile o~lcl;t(or-colllrll:irl(iecl  hand c.on(roiic! motion
d r i v e s  bolil Iilc simuiatcd  p,rapilic.s  mocicl  (withou(
cieiay) anti tiIc rcfii  Iotrot  arm (witil  conlmunicalion  time
dciay)  sirllltltiillcotlsly. i n  tilis “l)rcvicv,ccl” prcciiclivc
display,  Iilc oi)cr;itor  first  in~cracts  wilil  tile p,raphicaiiy
simuia~cci  “vir (udl envircmmcnt” b y  [ii ivin~  ti)c sinlu-
latcd ~lapilics  mocici  t o  lmform a dc.sird scf,mcnt o f
Iilc.  task, “1’i)c  opcrtitol  ti~cn sends lilt  molion conlnuind
(0 tile lcnmlc  site for actuai  nm[icm execution, oniy
;iflcr velifyinp.  tim c.ommancicci  motion throusil  :rai)i)ics

Rig. 4. Calibl-atcd  cwcrlays of troth the robot arm and
the OJ{U p,raphic.s models on the live video pictu]c after
liW Camcla  calibl  ation and object  iocaii~.a!icm  for four
caiibfatccl  calncia  views. oblique-view camma  (upper)
and cwerilcaci  c.arnc]a witil  7,00111  in (iowcJ).

preview. l’his “prcvicwcd”  Jmdictivc  display operation
is repcstcci  for each new task segment.

A typical sc.cnal io to perform a task scgmcmt with
“prcvie~cd” predictive displays would bc as foliows.  1)
‘1’he  operator drives the simulated lobot  arm with a hand
c.cmtro]lcr by usinc  l~revie\\’/l>re.d  ic.tive graphics displays
and records tile robot motion trajectory. 2.) “1’hc opera-
tor piays back the rccolde.d robot motion with an
a~y>rol)riatc time scale by a~ain dtiving the simlatcd
arm to plevicw and verify the robot motion tlajcctory.
I’his  preview verification is important to ensure opera-
tional safety. 3) “l’he opmtor  sends ti]e verified trajcc-
toly m thcrcmote site,  and the remote system sto~e.s the
trajectory data in abuffcr. rl’his trajcztory  data buffering
crlsulcs  accurate motion cxecutiori  even with slow or
ablupt chanp,e in tile c.orl~r~~ltl~icatiol~ time delay. 4)
Af[er the lcceipt  of ti~ewho]c trajectory, tiiermotc sys-
tc.m cxccutcs  tim ]obot  motion tfajcctol-y  comrnmld to
drive tllc actual lobot arln. J)uring  tile cxeculion,
co1~~13iiar~cc/irl~ l~cdarlce  c.ontroi  can be ac.tivatcd,  In tile
local site, the opc[atc)r  monitms the command cxcc.uticm
by visualiy  obscrvin~  tile ~>revic\\’/~~rcdicti\’c  displ:iy
updated witi~ the rcturnc.ci video image of the robot arm
motion. 5) After ti~c c.omplction of the ]obot  motion
execution, the graphics mo[icl  of tile arm is updated
witil  tile. actual final lobot  joint angles. ‘1’iiis updated
proc.cdurc  not only eliminates acculnulation  of motion
execution mors  but also enab]cs  the ]]rc\’icw’/~]1edicti\’e
display to be U s e f u l  cveIl  \vilfm t h e  C.o]npliancd

impcdancc colltlol  is activated in the. remote site, for
example, dul-inp,  the I]ct-for]nanc.e.  of a contact or inser-
tion task.

Opcrator irmfacc  is an important cic.nmt for
c. fficicnt intcrac.ticms between ti~c hunmn operator and
t h e  tclc.lobo[ic  systeln. Acivanccs  in fyaphics  a n d
gr:iphical opclator  intmface  (GU1) tcchrmlop,ics  enab le
dtwelopmcnt  of vcly cfficicnt  gyaphical  operator intcr-
fac.cs [4]. A ~,rapi~imi  operator intcrfidce that supports
the “prcviewccl”  prmiiclivc  display strategy has been
dcvclopccl.  3’WO Siiicon  (i[ald~ics  workstations and cm
N’I’SC viclco monitor arc culrcntly  USCC1.  ‘1’hc primary
w o r k s t a t i o n  (ll<lS-41)/31(1  VGX) i s  u s e d  fcm
])lc\’it\+/~~rc(iicti\c displays and fot- various GUi’S. A
Silicon Gral~hics  Videol.ab  board instalicct  in tlm pri-
mary workstation captures the live video pictule  at 30
fr:imcs/s,  and SUPPO](S  real-time graphim ovcllay to
aJq~car troth on the, high-rcsolu(ion  (1?80x IO?.4) works-
tation monitor and the low-resolution vidc.o monitor
simultaneously. I’ile  scc.ond workstation (JRIS-41Y70
GI’) is solc]y used for sensor  data cJisJ>lay  providins
graJhical  visualization of robot arm joint angles, (i-dof
folc.c/torque sensor data, and caJ):icifiec.tor  ploximity
senscx data.

A top-level scrccn  layout on the primary worksta-
tion is shown in };i~. S. lL consists of two N’l’SC-



l~ig. S. ‘1’op-lc.vel fyaphical  operator inte[ face..

resolution (646x486) windows on (IIC left side and two
slif,htly  smaller windows on the lip,h[ side. Jhr[ins  the
Cameta c:iliblalion  and object k}caliz,aticm,  a 3-1> fyaph-
ics ciisplay  appears on t hc upper left window, 1 ivc video
l)ictule  on the ]owcr left window, came.ra calibration or
object  IOcaliz, ation  (i{J1 On the upper l-ip,ht  window, and
gyaphics/robot  contlo]  main GUI on the lowel I ish(  win-
dow. 1 )urinp, the actual tclcopcration  after tllc camera
c.aliblation  and object localization,  a calibratcxi  Sraphic.s
ove[lay on the live video pictutc  appears on the rrjJ}Wl-
lcft  window, 3-1) glaphics  display of e.ithcr  a calibrated
v iew II)at Inatchcs with a real callw]a  view or all
opel ator-dcfi]lcd  vi] [ual c.anNIa view (of  any dcsiml
vicwinp, ~msition allci  anp,lc)  on the lower left wil]dow,
anothel 3-1) p,lap]lics  clisp]ay or task auto se.que.ncirjg
(;111 on the upper Iip,ht window, and p,raphics/robot  con-
trol  main GLJI on the lower ri:ht witdow.

V, 01<[1 Chan~cout  Remote S e r v i c i n g  l)emo Hstra-
tioll

‘1’hc dcvclopcd “prcvicwqi”  pruiictive. displays
have been successfully utiliz.cd in dcmonstratinp,  a
g[c)ul~d-si]l~tll:+ted  OI<U changcout  remote scrvicill~  task
by remotely operatinp,  a robot arm at NASA Goddard
Sl)ace  l’li~ht Clnter  from the Jet l’mpulsion  1,aboratory.
‘1’he denmnst[ation  is to show potential capabilities of
f,roull(i-c.cljltto]]cd  te.lerobotic  servicing. “l”he JM2inecring,
Test IIcd Robotics 1.ab at NASA Goddard Space }:light
Center IIas an l;xp]orcr  PlfitforIil  (FY) spacecra f t
nmlup with an h4MS (MulLi-Mission Servicing) 01{11
Inodule.. ‘1’hc 1;1’ spacecraft, which was launched in
199?, is a modular mission spacecraft, c.al-rying several
modu]cs that can bc replaced on oJbit  by astronatrtf. ]n
the dcmonsttation  a Robotics Research Corporation K-
1607 robot arm and a 1.ightwcight Servicing ‘1’ool (1 S’1’;
socket dj iver power tool) mounted at the end of the m m
were used [10].

l’i~. 6, An example of ~,lcvic\\/])lc(lic.ti\c  clisp]~ys  with
cHlibI  ateci p,laphics  OVCI lay duj-inp, d~c lwrfm Ii)al)cc of
tltc J}’] ,-[iodda[d remc)tc scwicinp, demonstration of ;in
01<(1  (’hanf,colJt  t a s k .

lior live video imap,c transmission frojn NASA-
(;SI;C to J1’1,, the hTASA Select N’I’SC ‘1’ckvision
hmadcaslinp,  c.hanncl i s  u s e d  (30 flanm/s; the clelay
may bc abOUt 0.5 s). l:or a biclirec.  tional collllll:trlcll(li~t:+
link, “1’(:1’/11’  socket c(~rlltll~lllicali{)ll  with ethernet con-
nection tl]loup,h  the lntcl net conl[)utel  nctwojk  is used.
‘1’hc rouncl-tl  ip lntelnct  socke t  colllllltljlic:tticjll  dcl;iy
be.tw’ecn  J]’], and NASA-(;  Sl:(; was JIwasuId  about (),1

s  OJI  the  avcrap,c,  althouf$  there wT1c o f t e n  lot)p, tilne
delays (c,p,., a 10-minute tcsti;lp, ilxiicatcd  that about
0.896 of the (ielays  \vas kmp,cr’ th;tJl 0.5 s and about
0.01 % was lonp,cr ti~an 4 s). A tclcl~hone iinc  is also
plovidcci  foj voice. C.ollllllllllic:ttioll  (iul’ing  the cicnms-

t ration.

l[xamplcs of calibrated ~rapl]ics  overlays for 2.
diffclcnt  c:imcln  vim’s  alc shown in l’i~, 4. ‘1’he aver-
age camel  a calibration :in(i object local i?. a(ion ellols  on
the ima!,e plane wctc iess II]all  ?YO fot all foul camel a
vic.ws. An m:implc  of I)lcvic\\’/l)rcciicti\’c  displays with
calibrated g] apl]ics  overlay durinr, tim ImI fo~mance  of
the remote Oi<ll charlp,cout  task is siIowJl in I’ix. 6.

VI. CONC1,LJS1ON

New cicvc]opmcnts  and af)plications  of gj:ilhics
displays in all three phasm of off-line task
ar~alysis/l~l:ir~rlil~~,  simulated train inp., and on-line task
execution to lc.ducc  opclation  uncertaintic.s  and incrmse
operation efficiency and safety were described. Task
analysis/J)l:it]11ir~8  displays pjovided substantial aid in
investi~ating  workcell  htyout, robot motion planning,
and sensor p]anning  for a simulated Sh4SR task, A
fore.c-xefle.c.ting trainin8  simulator with visual and
kinesthetic force virtual reality was cie.veloped  to scwe
as an introdrrc(oly  t[aining  tool prim to training with
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actual robots, ]iinally, on-line high-fidelity 3-D
preview/pre.dictive displays were described for applica-
t ions 10 gl ound-c.ontro]lcd te.lerobotic  sewicing  in space.
Simulated graphics “vi[lual environment” was mate.he.d
with the rmme site real task environment by using
operator-interactive carncra calibration and object locali-
zation nwlhods.  In the “previewed” predictive display
st[ ate~y for enhanced opcrat  ional safety, the operator
intelacts  with the graphically simula(cd  virtrrfil  environm-
ent first, and only after ~laphics preview verification,
the operator sends the motion execution command to
(he remote site.
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